SUMMARY Bipolar electrograms were recorded from five to six sites on the septal right bundle branch (RBB) using a multielectrode patch in ten mongrel dogs. Antegrade activation was recorded along the right bundle during sinus rhythm and during right atrial pacing at varying heart rates. Retrograde activation was produced by pacing from right ventricular epicardium. Right bundle conduction velocities varied from 1.4 to 3.3 m/sec (mean 2.0 m/sec) for antegrade conduction and from 1.8 to 2.7 m/sec (mean 2.1 m/sec) for retrograde activation.
PROPAGATION THROUGH MYOCARDIUM and specialized conduction tissue is complex and incompletely understood. The concepts derived from intracellular electrophysiology form a basic foundation, but are inadequate to fully describe the behavior of an electrical wavefront spreading through a three-dimensional matrix of cardiac cells. The cellular or cable theory of cardiac depolarization describes propagation along single fibers.' This theory postulates that fiber-to-fiber excitation is through low resistance connections confined anatomically to the intercalated discs. Weidmann2 has concluded that these areas are of relatively low resistance compared to membrane resistance.2 Previous investigators, however, have suggested that cell-to-cell activation in cardiac tissue may not occur exclusively over these sites .3 I Recent studies have suggested that interaction between fibers may be an important factor in determining some tissue propagation characteristics.8
The present study was undertaken to examine the spread of activation in the canine right septal bundle branch under a variety of conditions. The data show that longitudinal dissociation of the right bundle branch can be produced in areas of delayed conduction during stress.
Methods
Ten mongrel dogs underwent electrophysiological studies under total cardiopulmonary bypass using sodium pentobarbital anesthesia (25 mg/kg). Atrial and venous pressures were held constant using continuous monitoring. The experimental model was surgically prepared by exposing the right septal myocardium and suturing a specially designed 30 point electrode grid on the right septal surface in the area of the right bundle branch. The electrode grid consisted of six rows of electrodes, each row 3 mm apart, with an interelectrode distance of 1.5 mm, allowing recording of bipolar stimulation and mechanical pressure to the right bundle. The conduction delays occurred over small segments of the right bundle branch with regeneration of normal propagation velocity distal to the region of block. The conduction delays were associated with fragmentation of the RBB electrograms with initiation of delayed activation waves which traveled variable distances antegrade and retrograde. These data show that stress-induced longitudinal dissociation may produce delayed activation waves within the right bundle branch which may simulate re-entrant arrhythmias.
electrograms at 3 mm intervals along the right bundle branch ( fig. 1) . A switching system allowed rapid determination of those points in contact with the right bundle. The electrode grid was placed as near parallel to the right bundle as possible, but because of the inability to localize precisely the right bundle without special staining, this alignment was not identical in every case. Therefore, the activation wave of the RBB encountered the electrode grid at different angles in different experiments causing the polarity of the electrograms to differ slightly from one experiment to another. In one single experiment, however, the electrograms for each bipolar point were constant in form during the entire recording period. The RBB and muscle electrograms recorded from the electrode grid were fed through field effect transistor buffer amplifiers (input impedance of 1011 ohms) and recorded on FM magnetic tape using an Ampex Data Acquisition System-100. The frequency response of the system was linear to 3000 Hz. During the electrophysiological studies, pacing was performed using bipolar pacing electrodes sutured to the right atrium and right ventricular epicardium.
The data were reproduced on Kodak photographic paper using a Honeywell Visicorder Oscillograph at a paper speed of 1000 mm/sec to facilitate analysis. Slight fractionation of the activation wave caused the most rapid slope of the waveforms to appear in different portions of the right bundle electrograms ( fig. 1 ). Calculations of conduction velocity using the most rapid slope of the electrogram varied markedly from point to point and were not reproducible, whereas calculations using the midpoint of the electrogram gave consistent and reproducible values. Therefore, the activation time was determined using the midpoint between the onset and termination of the RBB electrogram. After termination of the experiment, the electrode grid was removed and the exact distances (nearest 0.1 mm) between selected points were determined to allow accurate computation of conduction velocities. The velocity (in meters per second) was computed as the product of the activation time and the measured distance between the specific grid locations recorded. The conduction velocity of each animal was obtained by averaging the data from ten right bundle depolarizations. All conduction velocities were computed on measurements over distances of 5 9 mm. Velocity measurements on segments shorter than 9.0 mm were found to contain error, and there- 5 . Panel A shows marked fragmentation of the right bundle electrograms at row 1 with the initiation of a second antegrade wave from row 1 to row 2 which fires off the trailing edge of the electrogram at row 1. It is possible that this delayed spike at row 2 is simply a result of the fragmentation at row 2; however, the length of time between the primary electrogram and the secondary spike at row 2 makes this interpretation unlikely. In panel B the desynchronization occurs at row 5 with the initiation of a retrograde activation of the RBB which proceeds in a retrograde direction from row 5 to row 1 (seen as the small spikes just preceding the muscle electrograms). In this secondary retrograde pathway, there is additional conduction delay at row 3.
The effect of a premature stimulus on right bundle conduction is shown in figure 6 . In the first beat (panel A) there is sinus rhythm (R-R interval = 778 msec) with a right bundle conduction velocity of 1.7 m/sec. After the second beat a premature stimulus of the atrium (SA) with a coupling interval of 210 msec resulted in a decrease in RBB conduction velocity in the next beat from 1.7 to 1.5 m/sec. Panel B shows on an expanded time base the identical electrograms at rows 2, 3, 4, and 6 which occurred after the premature stimulus in panel A. In addition to the decreased conduction velocity, the premature stimulus caused fragmentation of the electrogram at row 3 fig. 5 ). Subsequently, (possibly due to summation) the depressed pathway becomes partially excitable and allows retrograde or antegrade conduction in the previously unexcited cells, initiating a delayed secondary activation wave. In figure 4 panel A, note that the conduction delay occurs mainly at row 2. Conduction velocity below this level is normal and fires off of the trailing component of the slow activity in row 2. Previously reported neurophysiologic observations' and more recent cardiac electrophysiologic data", 20 suggest that this may represent an example of electrotonic summation. Ascribing these phenomena to summation would imply that the depressed area caused fragmentation of the RBB electrogram and the first stimulus reaching row 2 is subthreshold and does not provide the necessary current needed to produce normal excitation of these fibers. However, it may interact electrotonically and slowly raise the resting potential of the fibers below this region. The elevation in potential of slowly activating fibers may result in summation of two or more impulses as long as the intervals between stimuli do not exceed the duration of the action potentials. Summation may then result in normal conduction once the wavefront reaches an area able to generate normal conduction velocity as is seen in figure 4 , panel A. Depression of excitability may be distributed inhomogeneously and potentiate the asynchrony in activation, decrease the current density, and allow the underlying electrotonic currents to be manifest. The authors point out that this explanation is speculative and cannot be proven by the methods used in this experimental model. However, this concept is in agreement with the hypothesis of others that failure of normal propagation may allow the slower electrotonic currents to summate and generate normal conduction velocities downstream from areas of block.6 1'22 The term reentry, as originally used to mean reexcitation, may be inappropriate when applied to the secondary activation wave in the right bundle branch shown here. The duration of the refractory period of the right bundle is too long to permit reexcitation of tissue as rapidly as would be necessary to explain the secondary activation. It seems likely that those fibers carrying the delayed activation were not excited during the initial RBB depolarization. The concept of dual pathways has been well documented in both A-V node and distal A-V conducting systems,'0 17 and the data shown This microanatomical arrangement would facilitate the transverse spread of electrotonic currents and thereby potentiate summation. These crossover regions were described by James and Sherf as transverse bundles smaller than the longitudinal conduction fibers.2' A second type of crossover region described by Sommer and Johnson consists of long segments in which the cells' membranes are in close proximity to each other. 23 If cable theory derived from nerve tissue25 is applicable to cardiac tissue, then the smaller crosssectional area would mean a higher resistance for the transverse bridges relative to the adjacent longitudinal bundles. The conduction delay caused by premature stimulation or manual pressure therefore may appear first in the transverse bridges (because of their higher resistance) and thereby favor dissociation of the RBB into separate longitudinal conduction tracts (figs. [4] [5] [6] .
The data presented show that manual pressure and premature depolarization may cause conduction delay and longitudinal dissociation of the RBB. This longitudinal dissociation facilitates formation of a secondary wave of activation antegrade or retrograde for variable distances. The time relationships suggest that the cells excited by the secondary wave were not previously depolarized during the primary wave of activation and, therefore, reentry did not occur. The demonstration here of multiple conducting pathways within the right bundle branch may explain the mechanism of some atrial and ventricular arrhythmias previously labeled as reentrant in origin. These data demonstrate another mechanism whereby arrhythmias may originate from within the right bundle branch under various types of stress.
HIS BUNDLE AND BUNDLE BRANCHES/Massing, James demonstrating multiple fiber groups which fanned out over the entire left septal surface. The LBB did not divide into two discrete divisions without multiple interconnections. The RBB formed an obtuse angle with the His bundle in 27 of 32 hearts. In those five hearts with "right-sided His bundles," the right bundle branch was a direct continuation. The clinical, electrophysiologic, and electrocardiographic implications of these anatomical observations are discussed.
of the human A-V node has been carefully studied in the past1' 2 but less attention has been given to important anatomical relationships among the His bundle, the origin and course of both bundle branches, and the interventricular (IV) septum.
Previous studies of human left bundle branch (LBB) anatomy have variously described the LBB: 1) to be divided into two discrete divisions without proximal interconnections;3 2) to have three rather than two separate divisions;4 and 3) to be a diffuse fanlike structure broadly distributed over the left septal surface.5' 6 Rosenbaums proposed a trifascicular concept of A-V conduction based upon his anatomical studies supporting bidivisional LBB anatomy, and then described electrocardiographic criteria to identify impaired conduction within the anterior and posterior divisions of the LBB. Uhley7 has subsequently
